Enteric disorders in pigs are related to the fimbriae F4 (K88), F5 (K99), F6 (987P), F41 and F18 of enterotoxigenic Escherichia coli (ETEC). Immunization of sows with adhesins is important to stimulate the production of antibodies and the consequent transfer of these to the piglets via colostrum to prevent diarrhea during the neonate period and after weaning. The objective of this study was to evaluate the immune response of the sows immunized with recombinant ETEC proteins (F4, F5, F6, F18 and F41). The immune response of the sows immunized with the recombinant proteins was compared with a commercial vaccine containing ETEC bacterins. The study was performed on a commercial farm and included nine pregnant sows divided into three groups: G1 was vaccinated with recombinant proteins (n = 3); G2 was vaccinated with the commercial vaccine (n = 3); and G3 was vaccinated with sterile buffered saline (PBS) (n = 3). All the sows were fed a balanced diet without antibiotics and water ad libitum. The recombinant fimbriae stimulated the specific humoral immune response of the immunized sows. There was a statistically significant increase in the levels of antibodies to the fimbriae F4 (K88), F5 (K99), F6 (987P) and F18 in the sows vaccinated with the recombinant proteins compared with the control group. The colostrum IgG titers for all fimbriae in all the immunized sows were significantly increased compared to the control group. Additionally, all the piglets exhibited significantly increased antibody levels relative to all fimbriae when compared with those in the unimmunized control group, demonstrating successful antibody transfer via colostrum of the sows to the piglets.
Introduction
Enterotoxigenic Escherichia coli (ETEC) strains remain an important cause of diarrheal disease in newborn and weaned piglets [1] - [3] . ETEC strains harbor one or more fimbrial adhesins that are important virulence factors because they allow the bacteria to bind to specific receptors on small intestine enterocytes, resulting in colonization and subsequently the secretion of enterotoxins. The enterotoxins can be heat-labile enterotoxins (LT-1 and LT-2) and/or heat-stable enterotoxins (STa and STb), which induce a severe watery diarrhea by disrupting the water and electrolyte balance in the intestine [4] [5] .
Five types of fimbriae are associated with the ETEC strains involved in diarrhea in pigs: F4 (K88); F5 (K99); F6 (987P); F7 (F41); and F18 [5] - [7] . Among these, F4 fimbriae are most frequently found in the type of ETEC that causes diarrhea and mortalityin newborn, suckling and newly weaned piglets, whereas F5, F6 and F41 fimbriae are associated with neonatal diarrhea, and F18 fimbriae are typically associated with post-weaning diarrhea [5] [8] .
The losses caused by ETEC in farms have been minimized through vaccination of the sows before farrowing and the use of prophylactic antibiotics [5] . Despite the fact that the pathogenesis of ETEC diarrhea is well studied and that ETEC are recognized as the leading bacterial cause of diarrhea, there is no effective vaccine available against ETEC diarrhea. Additionally, there has been an increase in the incidence of outbreaks of severe E. coli-associated diarrhea observed worldwide [5] [9] [10] .
In a previous study, we detected a high frequency and several combinations of the fimbrial genes F4, F5, F6, F18, and F41 in E. coli strains isolated from piglets in Paraná State, Brazil [11] . Additionally, multiple virulence genes were found in E. coli isolated from suckling pigs with diarrhea in China [10] . The use of various recombinant fimbriae might be an interesting strategy toward the development of a multivalent vaccine against ETECinduced post-weaning diarrhea.
The present study evaluated the humoral immune response to five recombinant fimbriae of ETEC in pregnant sows through comparison with a commercial vaccine used on farms against ETEC.
Material and Methods

Strains, Vectors, Chemicals
The E. coli reference K99+ ETEC B41 strain was used to amplify fanC and fim41 genes, which encode K99 and F41 fimbriae subunits, respectively. ETEC wild strains S2 (F4+), S33 (F6+) and S25 (F18+) were isolated from piglets with diarrhea in Paraná State (Vidotto et al. 2009 ) and they were used to amplify the faeG. fasA and fedF genes, respectively. The E. coli host strain BL21 (DE3) was used to produce the recombinant proteins. All the chemical reagents were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Induction and Purification of the Recombinant Proteins
The genes encoding the fimbriae F4, F5, F6, and F41 were cloned into the expression vector pET102/D-TOPO (Invitrogen Life Technologies, Sao Paulo, Brazil); the gene encoding the fimbriae F18 was cloned into pETTEV, plasmid pET28a (Novagen, Cambridge MA, USA), modified with TEV protease site (from Laboratory Nacional de Biociências, LNBio, Campinas-SP) (unpublished data). The primers were designed based on sequence obtained from GenBank database: F4 (M29376); F5 (M35282); F6 (M35257); F18 (DQ995282) and F41 (X14354).
The E. coli BL21 (DE3) strain was transformed with the recombinant plasmids using thermal shock. The recombinant proteins were obtained after the induction of the recombinant bacteria E. coli BL21 (DE3 Star) that contained the recombinant plasmids with each fimbria.
The recombinant BL21 strains were grown to an OD 600 nm of 0. 7. IPTG (isopropyl-1-β-D-thiogalactopyranoside) (Invitrogen Life Technologies, Sao Paulo, Brazil) was added to a concentration of 1 mM. The cells were collected using centrifugation, and the expression was obtained in insoluble fractions on 12% SDS-PAGE gels. Additionally, we used auto-induction with lactose to induce the fimbriae F4, F5, F6, F18 and F41, as described by Deacon et al. [12] , with slight modifications. Briefly, a seed culture of the recombinant BL21 (DE3) strains were grown overnight (37˚C) to saturation in LB medium. Aliquots of 0.1 mL of seed culture were inoculated in super brothauto-induction medium (SB auto) with 0.4% lactose and were grown for 18 h at 37˚C with shaking at 250 rpm.
The proteins were expressed and merged to the tail of poly-Histidine (6xHis tag) to facilitate their purification on a column containing resin-bound nickel (Ni-NTA Qiagen™). The cells were collected by centrifugation, incubated with lyse buffer, and the recombinant fimbriaewere purified in denaturant conditions according to the manufacturer instructions (QiagenInc, Valencia, CA, USA). The purified fimbriae were measured using the Bradford method, analysed on SDS-PAGE 12% and used in the ELISA test.
Additionally, the recombinant fimbriae were purified to a crude extract to be used in the vaccine. The bacteria induced with lactose were collected using centrifugation and incubated in buffer (0.1 M Tris, pH 7.0; 1 m MEDTA; 1 mg/mL of lysozyme) for 1 h at room temperature. Then, the cells were frozen and thawed, and the cell lysate was sonicated on ice with three 5-second pulses at high intensity; this step was repeated three times. The pellet containing the recombinant protein crude extract was washed with buffer (0.1 M Tris, pH 8.0; 1.5 M NaCl; 20 mM EDTA and 2% Triton X-100) and incubated for one h at room temperature. The pellet was suspended in buffer (50 mMTris, pH 8.0), and the protein quantification was carried out according to the Bradford method. To assess the degree of purity of the recombinant fimbriae, the fimbriae were analyzed on a 12% SDS-PAGE gel stained with Coomassie brilliant blue.
Preparation of the Vaccines
The mixture containing 100 μg of each recombinant fimbria (F4, F5, F6, F18 and F41) from the crude extract, combined with 2 mg/mL of aluminum hydroxide adjuvant, 0.02% thimerosal, and PBS to 2 mL, was used as the vaccine candidate. The sows were immunized with the candidate vaccine on the same day of preparation.
The commercial ETEC vaccine used in this study was manufactured by Veterinary Vaccine Company Novartis, containing a mixture of equal volumes of the four inactivated ETEC fimbrial structures: F4 (K88); F5 (K99); F6 (986P); and F41; but not F18.
Experimental Animals and Immunization
This study was performed on a commercial farm; the sows were kept in the same maternity leave room under equivalent temperature and handling conditions. The sows were fed with a commercially available, balanced sow diet without antibiotics or other growth promoters and water ad libitum. After birth, all the newborn piglets were fostered with their dam for a maximum of 21 days. Food and water were provided ad libitum. The piglets were observed on a daily basis for possible clinical manifestations and the incidence of diarrhea.
Nine pregnant sows of same commercial breed, with approximately 85 days of gestation and the same parity order (3 rd ), were divided into three groups: group one (G1) was vaccinated with the recombinant proteins (n = 3); the second group (G2) was vaccinated with the commercial vaccine (n = 3); and the third (G3) group was inoculated with sterile buffered saline (PBS) (n = 3). The pregnant sows were intramuscularly (IM) immunized with the vaccines at 4 and 2 weeks before farrowing.
After the day of farrowing, four piglets from each sow were selected, resulting in a total of 12 piglets per group; these piglets were marked with rings. All the animals were analyzed to determine the titer of anti-protein recombinant antibodies in their serum.
This study was approved by the Ethics Committee on the use of animals (241/2012).
Sample Collection and Evaluation of Humoral Immune Responses Measured Using ELISA
The blood samples were collected from the sows at day 0 (four weeks before farrowing), day 14 (two weeks before farrowing) and day 28 (on the day of farrowing). The colostrum samples were collected from the sows on the day of farrowing. Additionally, blood samples were collected from the piglets from the cranial vena cava on their seventh day of life. The humoral immune response was evaluated by an indirect ELISA using the purified recombinant fimbriae K88, K99, F6, F18 and F41. Flat bottom microtiter polystyrene plates (Costar Corporation, Corning, NY, USA) were coated with recombinant antigens in 0.1 M buffer carbonate/bicarbonate, pH 9.6. After washing with 0.05% PBS-Tween, 5% PBS milk was added, followed by incubation for 1 h at room temperature; the antigens were then washed with PBS-T. Then, the serum samples, previously adsorbed with E. coli BL21, were diluted 1:100 in 1% PBS skimmilk, and added and incubated for 1 h at 37˚C. The plates were washed with PBS-T, and anti-pig IgG peroxidase conjugate (Sigma, St Louis, MO, USA) was added, followed by incubation for 1 h at room temperature. After washing with PBS-T, substrate-chromogen (H 2 O 2 /TMBZ-tetramethylbenzidine, Sigma™) was added. The reaction was stopped by the addition of 1 N H 2 SO 4 . The absorbance at 450 nm was measured in a Microplate Reader.
The levels of IgG in serum samples were expressed as OD at 450 nm and the increase of IgG levels after immunization was expressed as the ratio of OD post-vaccination serum/OD pre-immunization serum.
SDS-PAGE and Western Blotting
The recombinant proteins crude extracts were separated on a 12% SDS-PAGE. The proteins were electrotransferred to a nitrocellulose membrane. The membrane was blocked in a blocking solution (Na 2 HPO 4 7 mM, NaH 2 PO 4 3 mM, NaCl 140 mM and dried skimmed milk 5%) for 1 h at room temperature and after three washed in PBS-T (PBS + 0.1% Tween 20) for 10 min. After washing, strips of nitrocellulose membrane were incubated with a pool of sera from immunized animals for 1 h. After washing, strips were incubated for 1 h at room temperature with peroxidase-labeled anti-IgG antibody (diluted 1:10,000 in washing buffer). The membranes were washed, and rfimbriae was detected via incubation with substrate/chromogen solution. Protein molecular mass markers (Rainbow TM colored, Amersham Life Science) were used as standards.
Statistical Analysis
The data were analyzed by Kruskal-Wallis and Dunn's tests, and the difference was considered significant when P ≤ 0.06.
Results
Purification of the Recombinant Fimbriae
Figure 1(a) shows the induction and the degree of purity of the recombinant proteins crude extracts used in the immunizations.
The auto-induction with the lactose protocol showed good results for the recombinant fimbriae production in the simple batch cultivations. E. coli BL21 (DE3)-RP exhibited the highest quantity with 0.4% (w/v) lactose, an induction time of 16 to 18 h, and an induction temperature of 37˚C (Figure 1(a) ). Because the recombinant fimbriae were recovered from the inclusion bodies and were insoluble, they were purified with Triton X-100 wash as a total antigen. The proteins remained stable under storage conditions at -20˚C, and they can be stored for long-term use. 
Immune Responses of the Vaccinated Sows and Passive Immunity of Their Piglets
The serum IgG levels against all the fimbrial antigens in the sows are presented in Figure 2 and Figure 4 . The pregnant sows immunized with the recombinant proteins of ETEC presented higher levels of specific antibodies to each fimbria than those of the control group (Figure 2) . All the sows showed low levels of antibodies before the first vaccination. All the sows from the control group maintained low levels of IgG (Figure 2) . The sows IgG responses were significant higher for the fimbriae K88 (p = 0.06), K99 (p = 0.03), F18 (p = 0.05), and 987 (p = 0.02) than control group; however, for fimbria F41 the difference to control group was not significant (p = 0.08).
The increase in the antibody levels for fimbriae F41, 987, F18, K88 and K99 is shown in Figure 3 , which compares all the antigens analyzed with the three groups tested. The IgG levels increased significantly for the fimbriae K88, K99, F18 and 987 in the group vaccinated with recombinant proteins compared to the unvaccinated control group (PBS). The animals inoculated with the commercial vaccine showed no significant differences with any fimbria in relation to the control group.
The colostrum IgG levels for all the individual antigens in all the vaccinated groups of sows significantly increased compared to those in the non-vaccinated sow group (p ≤ 0.05) (Figure 4) .
The levels of specific IgG in the piglets' serum were significantly higher against the fimbriae K88 (p = 0.06), K99 (p = 0.05), F41 (p = 0.03), F18 (p = 0.06), and 987 (p = 0.02) in the recombinant protein vaccine group compared to the control group (Figure 5) .
Western blotting analysis showed that sera from immunized sows reacted with the all recombinant proteins crude extracts used in the immunizations (Figure 1(b) ). Diarrhea was not observed in the piglets examined, and there was a mortality rate of 5.5% in the piglets, but the cause of death was crushing. 
Discussion
The immunization of sows with ETEC fimbriae is important for the production of specific antibodies and for preventing the colonization of bacteria in the small intestine [13] . Inactivated ETEC whole-cell bacterins or purified ETEC fimbrial subunit vaccines are currently used in the veterinary field. However, some of these vaccines are not very effective, particularly in protecting against post-weaning diarrhea [1] . In this study, sows immunized with five recombinant proteins (rK88, rK99, r987P, rF41, and rF18) showed a higher humoral immune response than sows immunized with commercial vaccine and the unvaccinated control group.
The recombinant fimbriae were recovered from the inclusion bodies using a buffered solution and were purified as total antigen with the Triton X100 procedure. A simple purification process for the recombinant proteins is important for commercial-scale production. The genetic construct included an N-terminal histidine tag sequence that facilitated the recovery, purification, and proper refolding of the vaccine candidate by affinity chromatography; however, this is a high-cost procedure.
Additionally, the cost and composition of the culture media are critical for the commercial-scale production of recombinant proteins in E. coli. The recombinant fimbriae were produced with the use of lactose instead of IPTG for induction. Generally, the recombinant protein is expressed by bacteria via induction with IPTG, which is a good inducer and commonly used in molecular biology; however, it is costly. Lactose is a natural substrate of the bacterial enzyme that is controlled by the lac operon, which is natively induced. Lactose is a low-cost, harmless and avirulent compound [12] [14] .
The use of fusion protein was an interesting strategy towards the development of a multivalent vaccine against ETEC-induced post-weaning diarrhea. Osek et al. (1995) [15] tested eight different vaccines in the sows that contained different fimbriae and adjuvants and obtained better results with the vaccine that contained purified K88, K99, 987 and enterotoxin LT. In the present study, sows immunized with recombinant proteins showed the best humoral responses against fimbriae K88, K99, 987 and F18. The results were significant for the fimbria K88, K99, F18, 987 and F41 in the serum of the piglets.
The intramuscular immunizations of pigs with a tripartite FaeG-FedF-LT fusion protein resulted in the induction of IgA antibodies in the serum, inhibition of adherence of F4 and F18 and protection against clinical signs after an F4+ ETEC infection [16] . Similarly, in this study a significant serum antibody response of the sows for the recombinant vaccine with multi-epitopes containing F18; there were also high levels of IgG against F18 in the serum of the piglets.
A vaccine produced with the fimbriae of E. coli: F4ab (K88ab) + F4ac (K88ac) + F5 (K99) + F6 (987P) + LT toxoid was tested in challenge experiments, and all the vaccinated sows showed a rise in seric antibody titers before farrowing [17] .
Hur and Lee (2012) [18] did a comparative evaluation of a novel live vaccine candidate expressing ETEC fimbriae and a commercial ETEC vaccine. The E. coli K88ab, K88ac, K99, FasA and F41 fimbrial genes were individually inserted into an expression/secretion plasmid, which were subsequently transfected into attenuated Salmonella and used as a vaccine. Similar to our results, the DNA vaccine with the multi-epitopes exhibited significantly increased antibody levels relative to the specific antigens in all the vaccinated sows and piglets when compared to those in the unvaccinated control group.
The fimbriae 987 and K99 were used in vaccines in the sows [19] . The piglets, after consuming colostrum, reported a lower incidence of diarrhea and a greater weight gain compared to the unvaccinated group after the challenge. This work resulted in an increase in the serum titers of the sows to fimbriae 987 and K99.
The piglets can be effectively protected through lactogenic methods from pregnant sows immunized in the neonatal period, but it is believed that this protection disappears at weaning [8] . The results of this study show the importance of immunizing the sows and the consequent transfer of antibodies to the piglets during the neonate period. The piglets that received colostrum from sows immunized with the recombinant fimbriae showed higher levels of antibodies against fimbriae K88, K99, 987, F18 and F41 than piglets from sows of unvaccinated and commercial vaccine groups.
Conclusion
The ETEC recombinant fimbriae stimulated the humoral immune response of the pregnant sows that were vaccinated. There was a statistically significant increase in the levels of antibodies to the fimbriae F4 (K88), F5 (K99), F6 (987P) and F18 compared to the control group. The piglets showed significantly higher levels of antibodies against fimbriae K88, K99, 987, F18, and F41 in relation to the control group, indicating transfer of antibodies via the colostrum.
